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Aldehyde dehydrogenases are widespread in nature and enzymes from animals and micro-organisms have been studied in some detail. Most work has been conducted with mammalian liver enzymes, principally those of sheep, horse and human. The enzymes are generally NAD ' -linked, are comprised of identical subunits and in the native form are tetramers with molecular masses in the range 200000-240000 kDa. They are usually freely soluble in aqueous buffers. There are, however, exceptions on all these points. The bovine lens enzyme appears to be dimeric, some microbial forms are NADP'-linked and the long-chain specific aldehyde dehydrogenase from yeasts grown on alkanes (e.g. Candida lipolyticu) is membrane bound.
The specific activities of purified sheep, human, pig and horse cytosolic and mitochondrial enzymes under similar conditions fall in the range of 0.2-1.0 unit/mg. In contrast the K ' -activated yeast enzyme is 40-200-fold more active (Dickinson & Haywood, 1987) than the liver enzymes and it is interesting that yeast alcohol dehydrogenase is also about 200-fold more active than its liver counterpart. It is not only K + -activated enzymes which show high activity, however. The K'-activated enzyme from Aspergillus niduluns is more active than the liver enzymes (2-10-fold) (Creaser et al., 1987) , but less active ( 1.3-5-fold) than enzymes from Alcaligenes eutrophus (Jendrossek et al., 1987) , which do not require K +. The K'-activated enzymes show activity in the absence of K', so that the metal ion is not absolutely essential for activity. In the case of the yeast enzyme this residual activity is, however, very low ( -0.4%). The liver enzymes are not materially affected by K', but they are affected by divalent metal ions such as Mg2+ (Takahashi & Weiner, 1980; . For the liver mitochondrial enzyme, activation is found; the cytosolic enzyme, on the other hand, is strongly inhibited by Mg*+.
In contrast to the cytosolic enzyme, which behaves entirely normally in this respect, the mitochondrial enzyme shows lag-phases in assays (Hart & Dickinson, 19786; Allanson & Dickinson, 1984) . The length of the lag-phases are dependent upon the enzyme concentration and the final steady-state rate is higher at lower concentrations. It appears likely that these effects arise because of dissociation of the enzyme at high dilution with generation of a more active species. Whatever the cause, the effects create difficulties in kinetic work with the enzyme. Lag-phases can be long ( 10-15 min). It is difficult to determine when the steady-state rates are achieved and, with low substrate concentrations, there is the problem of substrate depletion before the steadystate rate is achieved. The K+-activated yeast enzyme also shows lags in assays when the enzyme has been first freed of any K' used for storage (Dickinson & Haywood, 1987) . The lag-phases are not dependent on the enzyme concentration, however, and it seems that it is recombination with K+ that is slow. Thus, the reactivation process is what is observed in the early stages of the assay.
Steady-state kinetic studies have established that the liver cytosolic and mitochondrial enzymes and the yeast enzyme conform to a compulsory-order mechanism (MacGibbon el al., 1977; Bostian & Betts, 1978; Hart & Dickinson, 19786) . NAD' is the leading substrate and NADH the last product to leave. For the liver enzymes, a step connected with NADH dissociation appears to be the rate limiting. The sensitivity of the enzymes towards thiol reagents, the occurrence of an esterase activity towards p-nitrophenyl esters and comparison with glyceraldehyde-3-phosphate dehydrogenase have led to the idea (Feldman & Weiner, 1972 ) that the enzymes operate by the mechanism shown in Fig. 1 . The essential thiol forms the thiohemiacetal adduct on reaction with aldehyde and this is converted to a thioester by hydride transfer to NAD'. Hydrolysis of the thioester is essentially irreversible and is followed by NADH dissociation. Hydrolysis of p-nitrophenyl acetate carried out in the presence of NADH would be expected to produce the same thioester intermediate as acetaldehyde oxidation if the same active site thiol is involved.
The broad features of the mechanism outlined meet with a deal of agreement, but there are points of controversy. Blackwell et al. (1983) believe that for the sheep cytosolic enzyme, esterase and dehydrogenase activities occur at different sites. Also, modification of the enzyme with disulfiram (tetraethylthioperoxydicarbonic diamide) does not give complete inactivation, as would be expected for modification of an essential residue. However, the findings that the enzyme reaction can be reversed by acid anhydrides (Hart & Dickinson, 1978a) , that ester hydrolysis in the presence of NADH gives rise to aldehyde formation (Duncan, 1979) and, that in the oxidations of rruns-cinnamaldehyde and its derivatives, intermediates having the spectral properties of thioesters are formed (Buckley & DUM, 1982; Dickinson, 1985) , lead one to believe that Fig. 1 is basically correct. Information from other groups suggests that sequence work on enzymes inactivated by reaction with a suicide-type substrate will soon identify the precise residue acylated in the course of reaction.
Stopped-flow experiments show, that for the cytosolic enzyme, the rate-limiting step occurs after hydride transfer (Eckfeldt & Yonetani, 1976) . Displacement of enzymebound NADH by NAD+ has established that the rate-limiting step is associated with dissociation of NADH from the terminal E-NADH complex (Dickinson, 1985; Blackwell et al., 1987) . The latter process is much slower in the presence of Mg2+ and other divalent cations and this explains why these species are powerful inhibitors of the enzyme. Interestingly, Mg2+ appears to stimulate hydrolysis of the E-NADH-acyl species (Fig. 1) . p-Nitrophenyl propionate hydrolysis is also stimulated by Mg2+ and NADH. The agreement of the V,=, for ester hydrolysis in the presence of Mg2+ and NADH with the specific rate of the Mg2+-stimulated step of the dehydrogenase reaction constitutes good evidence that the two reactions occur at the same site (Dickinson & Haywood, 1986 ). An internal step of the yeast K + -activated aldehyde dehydrogenase reaction has been shown by stopped-flow work to be stimulated by K + (Dickinson & Haywood, 1987) . At this stage it is not clear what intermediate is involved, but it could be hydrolysis of the E-NADH-acyl species.
The functions of liver aldehyde dehydrogenase in vivo remain a matter of debate, but it seems that it is the mitochondrial enzyme which is largely responsible for the oxidation of acetaldehyde (Marjanen, 1972; Svanas & Weiner, 1985) . As far as the sheep enzymes are concerned, Table 1 shows that the cytosolic enzyme has a relatively high K, for acetaldehyde, but low K, values for long-chain aliphatic aldehydes and for aldehydes related to biogenic amines. The mitochondrial enzyme is less effective towards the latter aldehydes. As the K, values are still very low with this enzyme, it seems that V,=, values for these substrates are less than for the aliphatic aldehydes. Table 1 provides some support for the view that the cytosolic enzyme may act in vivo on aldehydes derived from biogenic amines.
Despite the progress made in the study of the liver cytosolic enzyme, a number of puzzling features stand out. Titrations of the sheep enzyme and stopped-flow pre-steady-state experiments indicate only about one active site/tetramer . The horse enzyme apparently displays two active sites/tetramer (Eckfeldt & Yonetani, 1976) . The catalytic activity of the enzymes is low with all substrates and this in the case of the cytosolic enzyme is severely inhibited by low concentrations of Mg2+, which may well occur under physiological conditions. This large and complex enzyme does not appear to have been well designed to achieve the presumed objective of rapid removal of toxic aldehydes. The fact that aldehyde oxidation is not the limiting step, but rather a much slower step associated with NADH dissociation, emphasizes this point also. Perhaps the enzyme functions in vivo in association with other systems and in a more effective way than appears to be the case from studies of the isolated enzyme.
